We consider extensions of the lattice gas model to incorporate radial flow. Two different physics situations are studied. For the amount of radial flows in intermediate energies seen experimentally, the main influence of the radial flow on observables can be incorporated by a displacement in the E * /A (the excitation energy per nucleon) axis. Depending upon which model is more appropriate, the caloric curve may be influenced by radial flow. 25.70.Pq, 24.10.Pa, 64.60.My Typeset using REVT E X
I. INTRODUCTION
It is expected that when nuclei disintegrate after heavy ion collisions, there will be a radial flow in the disintegrating system in addition to chaotic motion which is usually described by thermal motion. This was first proposed for collisions in the Bevalac [1] but is expected and seen in collisions at lower energies as well [2] [3] [4] . The amount of radial flow is larger for central collisions.
In this paper we address the issue of incorporating radial flow in statistical models for nuclear disassembly. This is automatically taken into account in models based on transport equations such as BUU (Boltzmann-Uehling-Uhlenbeck) [5] . But in many statistical models such as the SMM (statistical multifragmentation model [6] ), thermodynamic model [7] or the microcanonical model [8] the flow can only be included a posteriori. The idea here would be that the energy which is lost in radial flow is lost for thermalisation, thus essentially less energy is available for thermal disassembly. While this idea is certainly quite attractive, radial flow may do more than just take away energy. It is this aspect that we study quantitatively here.
Some additional insight can be gained by incorporating a radial flow in the Lattice Gas Model (LGM) which is being applied more and more to fit experimental data [9, 10] . In the usual formulation of the LGM, equilibrium statistical mechanics is done before composites are calculated [11] . We combine statistical mechanics with radial flow and then examine how it affects the composite production. The important issue here is the relative kinetic energy of two nearest neighbours. If this is less than the attractive bond, the two nearest neighbours will be part of the same cluster. Now, if one has a radial flow which diverges outward from the centre, the flow will affect the relative kinetic energy and hence the composite production. The argument of merely some energy being unavailable for thermalistion is strictly valid when the collective velocity is the same for every nucleon.
We are not claiming that radial flow arises in LGM in a fundamental way. But it can be added with reasonable prescriptions. Different prescriptions lead to different physics.
For example, in one prescription, composite productions are affected but the caloric curve is not. In another reasonable prescription both will be affected. A scenario intermediate between these two can also be formulated. We want to investigate if radial flow such as seen in experiments will affect the predictions of the LGM in a significant way.
II. MICROCANONICAL AND CANONICAL SIMULATIONS OF LGM

WITHOUT FLOW
Our simulations are done for A = 84, N = 48, Z = 36. We use a 6 3 lattice. The neutronproton bond is -5.33 MeV; like particle bonds are set at 0. Coulomb interaction between protons is taken into account as in [10] . We use Metropolish Monte-Carlo simulations to obtain canonical and microcanonical samplings. For both of these one starts with a suitable configuration of nucleons in lattice sites. From this starting point, one would follow two different prescriptions depending on whether one is doing the canonical model or the microcanonical model. We first describe the canonical simulation, subsequently we will describe the microcanonical simulation.
In the canonical simulation, we attempt switches from the starting configuration. A temperature T is assumed. Switch is attempted between (a) occupied and unoccupied sites and (b) between occupied neutron and proton sites. The probablity of switch is 1 if in the switch the interaction energy E pot is lowered. If E pot goes up by ∆E pot the probability of this switch is exp(−∆E pot /T ). After many such switches (some successful and some unsuccessful) we accept one event. Once the configuration of the event is accepted each nucleon is also ascribed a momentum by Monte-Carlo sampling of a Maxwell-Boltzmann distribution for temperature T . We are now ready to compute the cluster sizes using the standard recipe [10] . Two nearest neighbours are part of the same cluster if the kinetic energy of relative motion is insufficient to overcome the attraction between them.
We have just described one event. Many such events have to be generated. Starting from the lattice configuration of this one event, again the same procedure is followed. After many switches, another event is accepted. For most of our computation we use 10,000 events. The sum of the energy E pot (T ) + E kin (T ) will vary from event to event. We denote the average of this sum by < E(T ) >. Of course, < E(T ) > vs. T gives the caloric curve [12] in this canonical model.
The microcanonical simulation for LGM follows similar steps. Again, we start from a suitable initial lattice configuration with an interaction energy E pot . Now, instead of a temperature T , the total energy E is fixed. The kinetic energy for this configuration is then
The phase space Ω k (E kin ) available for this kinetic energy is well-known:
We now try to switch to a different configuration in the lattice. As a result, the potential energy in this new configuration would change to a new value E ′ pot . In this configuration, since we are doing a microcanonical simulation, the kinetic energy would have to adapt to a new value:
If this is bigger than Ω k (E kin ), the switch is made. Otherwise the switch is made with a probablity
. After many such switches (again some successful and some not) we accept an event. As in the canonical model, we have to now assign momenta to the nucleons. Let the total kinetic energy of the N nucleons beẼ kin for the chosen event. This has to be shared between the nucleons based solely upon phase-space. This can be done following this procedure. Choose a sphere of radius P . Do a Monte-Carlo sampling on N nucleons for uniform distribution in this sphere. This means fixing p, θ p and φ p for each particle from p = P (x 1 ) 1/3 , cosθ p = 1 − 2x 2 and φ p = 2πx 3 where x 1 , x 2 and x 3 are random numbers in the domain 0 to 1. Finally normalise P so that the total kinetic energy equalsẼ kin . At this time we are ready to do cluster decomposition for this event.
All observables in the microcanonical ensemble can be calculated without having to invoke a temperature. But it is very useful to define a temperature. The total degeneracy for a given total energy E is given by
The standard definition of temperature in a microcanonical ensemble is
Except for very simple cases [13] , Ω(E) is not known and it is difficult to estimate it using eq. (2.3). However, an alternate method works very well [14, 13] . Although we have just one system, formally eq. (2.2) is the same as that of two "subsystems" in "thermal" contact with each other whose total energy is fixed but each one's individual energy can vary. We can then follow a standard approximation of statistical mechanics [15] . For a large number of particles, the sum on the right hand side of eq. (2.2) will be dominated by the maximum in the product
∂E kin which defines the common temperature of each of the two "subsystems" and hence that of the system. Thus all we need to do is to extract the temperature of one of the "subsystems". From eq. (2.1), the kinetic temperature is T = 2E kin /3A (where we have neglected 1 compared to 3A/2). In microcanonical simulations as we sample events we calculate also < E kin > and for a given total energy E the microcanonical temperature is taken to be < T >= 2 < E kin > /3A. We have found that this < T > is very close to the microcanoniocal temperature T given by eq.
(2.3) in the case where we could compute Ω(E) directly [13] .
Finally we can compare microcanonical and canonical caloric curves for the case of no flow. We fix an E for a microcanonical simulation and obtain < T >. We compare the corresponding calculation in the canonical model where T is equal to < T >. We find < E > for the canonical for this T to be very close to the value E. Thus for 84 particles, without any flow the caloric curves in both the models are almost identical.
III. A CANONICAL MODEL INCLUDING FLOW
The model for flow we adopt is that nucleons will have apart from thermal motion, a momentum which is proportional to the distance from the centre of mass of the cluster: A . The constant c is adjusted so that the total flow energy adds up to a preassigned value that we choose.
An obvious model to include flow in the canonical prescription is the following. We do a calculation without flow at a chosen tempearure T . After we have chosen an event (lattice configuration is chosen and the momenta p i are chosen) we add to each momentum p i an additional momentum p i → p i + p f (i). Because the direction of p i is chosen at random and we have a large number (=84) of particles, the total kinetic energy (to a very good approximation) comes out to be model should be between 0.3 and 0.5 (Fig. 1) .
Our main objective is to examine how the introduction of radial motion affects the yields of the isotopes. However, it is clear that the way we have introduced the canonical model there will be change in the caloric curve from the case of no flow. We have added, at a given temperature, an additional energy α × E th . This will contribute an extra (3/2)α (we use MeV as unit for both energy and temperature) to the specific heat per particle. This is not mandatory in the canonical model but it is a natural choice.
In a canonical simulation the Boltzmann sampling for potential energy contribution (E pot ) and assignment of momenta (E th ) is done for the same temperature. However, it is mathematically possible to use two different temperatures. This would seem rather unnatural in a canonical model but arises naturally in a microcanonical model if, in addition to thermal motion one also wants to include the flow. We discuss the microcanonical model next.
IV. A MICROCANONICAL MODEL INCLUDING FLOW
Again we start with a suitable configuration which gives E pot . The total energy is specified to be E but now we divide E − E pot into two parts:
) and
The flow part has no phase-space attached to it. The values of E and α are pre-fixed and once the lattice configuration is picked, there are no choices left for the flow momenta. Hence, Eq. (2.2) is changed to:
Where x = 1 + α is 1 for no flow (α = 0) and is greater than 1 when there is flow. Now even if x is greater than 1 the microcanonical value of temperature given by Eq. This says that the temperature of the potential is x-times the temperature of the kinetic energy. Thus the kinetic temperature is T k = (2A/3)[(E − E pot )/x] but the temperature of the potential part is completely unchanged from the case when x was 1 and indeed remains to be close to the microcanonical temperature (Eq. (2.3) ).
The reader will recognise that there is no need to do different Metropolis sampling for different values of x. For a given value of x , the sampling requires computing the ratio In Fig.1 we have also plotted < E f /A > vs. E * /A in the model we have just described.
Again a value of α in the range of 0.3 to 0.5 seems appropriate.
The lower panel of Fig.1 is also interesting. We exploit the fact that without any flow E * /A(microcanonical)≈< E * /A >(canonical) when< T >(microcanonical)=T (canonical).
Then we take < E * /A > from canonical with flow, subtract E f and plot this on the x-axis.
We A more detailed comparison of Y (Z) is presented in Fig.3 . Except for the shift in energy, the effect of flow is negligible. Since flow is a current diverging from the centre of mass, cluster formation could have been modified strongly. However, for flow energies that are seen at intermediate energy this does not happen. Thus we can continue to use the usual
LGM for comparisons with experiments remembering that there will be some energy tied up in flow.
VI. SUMMARY
In summary, we have attempted to incorporate the radial flow in nuclear Lattice Gas model with reasonable prescriptions. We have done the calculations in the frameworks of We thank S. K. Samaddar for use of his computer code for some of the results shown here. 
